We conducted surface modification of silica nanoparticles (SiNPs) inside living cells by using the copper-free bioorthogonal click reaction to evaluate the effects of surface chemical structures on dynamic behaviors and excretion of SiNPs. The results demonstrated the spatial translocation of intracellular SiNPs to the plasma membrane upon surface modification in situ with phospholipids. Moreover, we found that the extent and kinetics of excretion of the SiNPs from inside
2 the cell are enhanced by the modification.
Synthetic nanoparticles (NPs) engineered for administration into the body have great potential for a wide range of biological applications, such as tools for bioimaging, diagnostics, and tissue-and cell-specific drug delivery systems (DDS). [1] [2] [3] [4] [5] [6] Previous in vitro studies have demonstrated that synthetic NPs could be incorporated into living cells mainly through endocytotic pathways depending on their size, shape, and surface charge. [7] [8] [9] [10] Furthermore, the surface chemical structures of the NPs provide another dimension of physical control that can be refined toward the specific tailoring of function. [11, 12] So far, it has been demonstrated that NPs could be delivered to specific targets in living cells by introducing various targeting chemical structures onto their surfaces. [13] [14] [15] However, in some cases incorporated NPs accumulate in cells for unfavorably long periods, causing various toxic effects. [16] [17] [18] [19] Thus, for the application of engineered NPs as DDS or imaging materials, it is desirable to control the dynamic behavior of the NPs so as to promote their excretion from the cells.
In the current study, we examined the surface chemical modification of NPs in situ to control their intracellular localization. In this way, excretion of NPs from living cells can be accelerated. Surface modification of NPs has been achieved by using highly bioorthogonal click chemistry, and the strain-promoted azide-alkyne cycloaddition is a promising method for with which to accomplish such modification. [20] [21] [22] [23] [24] [25] We synthesized a lipid azide that was expected to enhance the affinity of NPs toward plasma membrane after modification in situ, and we have investigated the influence of surface chemical structure on the rate of excretion of the NPs.
We adopted the Cu-free strain-promoted cycloaddition between dibenzocyclooctyne (DBCO) and azido compounds developed by Boons et al. [23] to achieve surface modification of silica hydrophilicity. The number of amine moieties per particle was estimated to be 4.1×10 4 by the Fmoc quantification method. [28, 29] Finally, the DBCO structure was introduced onto the surface of the (Table S1 , Supporting Information).
We then synthesized an azido-modified lipid with the aim of switching the affinity of NPs toward the plasma membrane upon intracellular click modification. Phosphatidyl azidoethanol (PAE) (Figure 2) was obtained from phosphatidyl ethanolamine (PE) by the phospholipase-D catalytic reaction. [30] It has been suggested that components of phosphatidyl lipids are asymmetrically distributed between the inside and outside of the cell membrane and that PE is mainly located inside the membrane.
[31] was observed to take place in a few hours (Figure 3a and Movie S1, Supporting information); the fluorescence then gradually disappeared over 24 h. In contrast, when SiNPs without DBCO (SiNP-PEG-NH2) were employed, no remarkable effects were observed (Figure 3b ). In addition, no effects on the apparent intracellular behavior of the SiNP-PEG-DBCO-pretreated cells were
observed upon exposure to PE and phosphatidyl choline (PC), supporting the conclusion that translocation was induced by PAE ( Figure S6 , Supporting Information). It should be noted that PAE did not show any remarkable toxicity ( Figure S7, Supporting Information) . The same experiment was also conducted at a low temperature (4 °C) to observe the effects of click modification under conditions that could suppress energy-dependent endo/exocytotic processes ( Figures S8 and S9, Supporting Information) . [32, 33] Again, colocalization of SiNPs on the cell membrane was observed, implying that PAE-modified SiNPs are predominantly localized on the inside surface of the cell membrane. It is still unclear how PAE contributes to the translocation.
According to previous studies and to our results, incorporated SiNPs are enclosed into early endosomes, then they mature mainly into late endosomes, then into lysosomes, and then they are finally transported to the cell membrane for excretion. [19, 34] Therefore, PAE that fused with the plasma membrane could trap SiNP-PEG-DBCO during the excretion processes. As shown in the preliminary experiment described above, if SiNPs are aligned predominantly on the inside surface of the plasma membrane, our strategy might be used as a new technique for engineering inside and outside surfaces asymmetrically. By using flow cytometry to monitor the fluorescence intensity of the SiNP-incorporated A549 cells after the addition of PAE, time-course profiles of excretion were obtained as shown in Figure 4 .
Interestingly, an increase in the rate of excretion was clearly observed upon addition of PAE, whereas in the absence of any additive, SiNPs were gradually excreted from the cells, as has previously been reported. [34] Previous studies have suggested that externally added cholesterols that are involved in the regulation of exocytosis could affect the rate of clearance of NPs; [35] on the other hand, PAE might physically control the translocation of SiNPs by anchoring SiNPs on the membrane.
The addition of PE had almost no effect on the time course of excretion, which supports the 8 conclusion that click modification by PAE increased the affinity of the modified SiNPs toward the plasma membrane, resulting in an increased chance of SiNP excretion.
It has been demonstrated that the zeta potential of engineered NPs could affect the interaction between cell membranes and NPs because of their electrostatic interactions, [36, 37] but such effects have not been studied in detail for the excretion. [35] Given that such electrostatic interaction could be neutralized by absorption of proteins on the surface of NPs during the intracellular processes, [38, 39] it would be desirable to generate specifically modified surfaces in situ for investigation. Thus, we 
